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Summary
Our subjective experience links covert visual and egocentric
spatial attention seamlessly. However, the latter can extend
beyond the visual field, covering all directions relative to our
body. Incontrast tovisual representations [1–4], little isknown
about unseen egocentric representations in the healthy brain.
Parietalcortexappears tobe involved inboth,because lesions
in itcan leadtodeficits invisualattention,butalsotoadisorder
of egocentric spatial awareness, known as hemispatial
neglect [5, 6]. Here, we used a novel virtual reality paradigm
to probe our participants’ egocentric surrounding during
fMRI recordings. We found that egocentric unseen space
was representedbypatternsofvoxelactivity inparietalcortex,
independent of visual information. Intriguingly, the best de-
codingperformancescorresponded tobrain areas associated
with visual covert attention and reaching, as well as to lesion
sites associated with spatial neglect.
Results
When we sit in our office, we are acutely aware of the location
of the door, window, or cupboard. We can easily imagine their
locations with closed eyes, no matter whether they would fall
into our field of view or not. In neural terms, however, almost
nothing is known about egocentric spatial representations
outside the visual field, and correspondingly little is known
about their relation to visual spatial representations. Attention
to visual retinotopic locations is known to modulate activity in
all visual areas, and in particular those of parietal cortex [1, 3, 4,
7]. Even though some of these representations are thought to
be organized in a head-centered reference frame [8, 9], it is
unclear whether they extend to represent also locations
outside the visual field.
Clinical evidence attributes deficits in egocentric spatial
perception, known as spatial neglect, to lesions in parietal
cortex—not far from sites involved in attention to visual space,
but also ventrolateral to them [5, 6]. These lesions frequently
affect the contralateral space and can induce a displacement
of the subjectivemidsagittal plane regardless of visual fixation,
indicating an egocentric reference shift [10, 11]. Neglect can
also affect spatial representations in the absence of visual
input, as in spatial imagery [12]. It has therefore been sug-
gested that egocentric representations in parietal cortex go
beyond pure sensory input, and extend to more abstract
mental representations of egocentric space, an idea referred
to as the ‘‘parietal window hypothesis’’ [13].
In the present study, we aimed to examine neural represen-
tations of egocentric space surrounding human participants,*Correspondence: andreas.bartels@tuebingen.mpg.deusing functional magnetic resonance imaging (fMRI) and
a virtual reality environment. Participants were placed in the
center of a virtual octagonal room that contained a unique
object in each corner (Figure 1). After several days of extensive
training in which they reached ceiling performance, partici-
pants were prompted to imagine the locations of each of the
eight objects in relation to their body position while under-
going high-resolution fMRI scanning. Every few trials, the
participants’ viewpoint rotated such that they faced a different
corner, i.e., a different allocentric location. This allowed us to
isolate BOLD signals related to eight abstract egocentric
directions, regardless of the identity of reference objects or
of allocentric (i.e., room-referenced) representations. During
scanning, participants carried out a vigilance task in which
they performed at ceiling (93.3% 6 1.2% correct, 4.2% 6
1.1% incorrect, and 2.5% 6 0.5% missed), with equal perfor-
mance across all directions.
Egocentric Space in Visually Responsive IPS
First, we examined whether voxel pattern activity in the retino-
topically defined joint-intraparietal sulcus (IPS) region of
interest (ROI) (including regions IPS0–IPS4) conveyed repre-
sentations of unseen egocentric space surrounding our partic-
ipants. IPS responds strongly to covert attention in visual
space [1–4], and it is reasonable to assume that parts of it
also encode body-centered space, as nearly any body-
centered direction may fall into the visual field depending on
head or eye position.
We trained SVM classifiers to distinguish between each
possible pair of directions (i.e., chance level = 50%) using
a leave-one-run-out approach across four fMRI scanning
runs. To identify themost informative voxels in IPS, we applied
a recursive feature elimination (RFE) procedure [14]. Decoding
rates for single egocentric directions were obtained by aver-
aging of the performances of all direction pairs containing
a given direction.
We found significant decoding of all eight directions in each
hemisphere, with no differences between directions falling
outside the field of view (p < 0.001, Bonferroni corrected; see
Figure 2A). Only the direction ‘‘front center’’ showed signifi-
cantly higher decoding performance, and its omission did
not affect decoding significance of the other directions.
Notably, there was no decoding advantage for contralateral
directions in either hemisphere.
Anatomical Cross-Participant Consistency in IPS
Next we examined the spatial distribution of the most discrim-
inative voxels in IPS across participants. To test whether there
was a contralateral bias of voxels discriminating a given direc-
tion, as one would expect from visual spatial representations
[1–4], we carried out RFE on a joint ROI containing combined
left and right hemispheric IPS for each direction pair. We iden-
tified the most informative voxels of each egocentric direction
pair whose directions fell either within the left (e.g., ‘‘front left’’
versus ‘‘rear left’’) or right (‘‘front right’’ versus ‘‘rear right’’)
egocentric hemifields, or that were bilaterally symmetric with
regard to the front-rear axis (e.g., ‘‘left’’ versus ‘‘right’’) (see
Figure 2B). This yielded discriminative voxel maps for each
Figure 1. Experimental Paradigm and Mockup
Setup
(A) Bird view of the octagonal virtual room con-
taining eight distinct objects in its corners. Partic-
ipants sat in its center, facing a different corner
for every set of trials.
(B) Illustration of the mock up setup used for
training prior to scanning.
(C) Timeline of an example trial, followed by
a change of viewpoint. Participants had to
imagine the egocentric direction of the cued
object whose icon (visible as small white box
above the barrel) was presented at fixation.
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178of the three groups of direction pairs (left direction pairs, right
direction pairs, and symmetric direction pairs), whose overlap
across participants is shown in Figures 2C–2E. Intriguingly, all
three maps were nearly indistinguishable. They reveal a clus-
tering of discriminative voxels in regions IPS1 and IPS2 and
a strong right-hemispheric bias, even for right-sided (i.e., ipsi-
lateral) directions. This was also true for maps of each indi-
vidual direction pair (see Figure S1 available online). The
right-hemispheric voxel-count bias and the higher coverage
of discriminative voxels with retinotopically defined regions
IPS1 and IPS2 among IPS0–ISP4 also held true in individual
participants, as quantified in Figures 2F–2H.
We found a marginal contralateral decoding accuracy bias
when ‘‘left’’ versus ‘‘right’’ groups of direction pairs in each
hemisphere were tested, reaching significance only across
pooled hemispheres (ipsilateral decoding percent correct
(mean 6 SE): 61 6 1, contralateral: 62 6 1, t [23] = 1.79, p =
0.04).
Egocentric Space in Inferior Parietal Cortex
Clinical evidence suggests that regions in inferior parietal
cortex (IPC) play a crucial role in egocentric spatial perception
[5, 6]. We therefore also examined egocentric coding in
anatomically defined IPC [15] using the same procedures as
applied above.We found that as in IPS, all egocentric direction
pairs were classified above chance in inferior parietal cortex
(p < 0.001, Bonferroni corrected), again with equal decoding
performance in each hemisphere (see Figure 3A). Here, no
advantage for contralateral directions was found, neither for
single directions nor for the groups of unilateral direction pairs.
As in IPS, the only visible direction led to higher decoding
accuracies. The number of discriminative voxels in right hemi-
spheres was twice that of left hemispheres in single partici-
pants (Figure 3B).
Figures 3C–3E show the spatial consistency maps of best-
coding voxels for the three groups of direction pairs shown
in Figure 2B (see Figure S2A for maps of all single directionpairs). All of them revealed a single
cluster around the temporoparietal
junction (TPJ, peak overlap in MNI coor-
dinates: 6 45, 260, 35). This cluster
coincided intriguingly well with a typical
lesion site associated with hemispatial
neglect [5, 6].
Searchlight Analysis
To check for egocentric representations
beyond the key parietal focus of this
study, we also ran a searchlight analysis[16] within the acquired volume, because the RFE method
cannot be applied to arbitrarily large volumes. The searchlight
confirmed the primary involvement of IPS1/2 and of TPJ,
including the right-hemispheric predominance of IPC (see Fig-
ure 3F). In addition, it showed involvement of the precuneus
medial to IPS1/2, of the posterior end of the sylvian fissure
(putative parietoinsular vestibular cortex [PIVC] or visual
posterior sylvian [VPS]), of frontal eye fields (FEFs) and frontal
regions (Figure 3G). Intriguingly, the same regions have previ-
ously been implicated in egocentric spatial representations
and neglect. [5, 17–19].
Univariate Analysis
Univariate analyses did not reveal correlates to the above
multivariate evidence, neither in single participants nor across
the whole group (see Figures S2B and S2C). Notably, there
was no net BOLD signal bias toward contralateral egocentric
directions either in IPS (p = 0.41) or in IPC (p = 0.63) in either
hemisphere, or in the FEFs (p = 0.25 see also Figures S2C
and S2D).
Discussion
We combined extensive participant training and a novel virtual
reality paradigm to examine the encoding of egocentric space
beyond the visual field in parietal cortex in the absence of allo-
centric or object-based confounds. We found that two parietal
foci encoded egocentric space: one was located in superior
parietal cortex, partly overlapping with IPS1 and IPS2 and ex-
tending into the medial precuneus, regions associated to
reaching tasks [20, 21] and to visual covert attention [3, 22].
The second focus was outside visually responsive regions in
the temporoparietal junction of the inferior parietal cortex,
coinciding with average lesion sites associated to neglect
symptoms [5, 6]. Consistent with neglect-inducing lesions,
both IPS and IPC containedmore discriminative voxels in right
hemispheres. We did not find evidence for coding of
Figure 2. Decoding and Neural Representations
of Egocentric Space beyond the Visual Field in
Retinotopic IPS
(A) Each point shows the average performance of
all pair-wise classifications of a given egocentric
direction, averaged across participants. All direc-
tions were significantly decoded within IPS (p <
0.001, Bonferroni corrected, n = 12 participants,
chance level = 50%). Error bars represent the SE.
(B) Schematic illustrating three groups of direc-
tion pairs in a bird view of the setup (light-blue
wedge, participants’ viewing angle). Green and
red brackets indicate direction pairs within left
and right egocentric space, respectively; blue
arrows indicate left/right symmetric direction
pairs (mirrored on the front-rear axis).
(C–E) Group consistency maps showing overlap
of most discriminative voxels within IPS across
participants, averaged separately for left (C),
right (D), and left/right symmetric (E) direction
pairs. Maps are thresholded to show voxels over-
lapping in at least 9 of 12 participants.
(F) Number of discriminative voxels across all
directions within left and right IPS of individual
participants, averaged across participants. The
number of voxels is expressed as percentage
relative to the ROI extent in order to avoid bias
by ROI volumes.
(G and H) Mean percent overlap of discriminative
voxels with each IPS region of each participant,
averaged across participants. Coverage was
highest in IPS1 and IPS2 (+p < 0.05, uncorrected;
*p < 0.05, Bonferroni corrected, one sample t
test, df = 11). Error bars represent the SE.
See also Figure S1 for maps of individual direc-
tion pairs.
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parietal cortex or in FEFs.
Visually Responsive Regions in the IPS and Reaching
The results present the first evidence for coding of egocentric
space beyond the field of view in parietal cortex. Almost all
prior studies used visual stimuli and fixation to examine pari-
etal spatial representations [3, 4] (but see also [1]). Studies
trying to disentangle the possible frames of reference (retino-
topic versus head or world centered) used eye movements
to examine spatial remapping and provided good evidence
for head-centered responses in several occipital and parietal
regions, yet again only within visual representations [7–9]. Noprior study examined spatial represen-
tations falling outside the visual field.
The result that egocentric voxel maps
in IPS clustered around areas IPS1 and
IPS2, extending into medial precuneus,
is intriguing, as lesions and functional
studies associate this region to visually
guided reaching, particularly in the
visual periphery (see Figure 4 in [20]
and Figures 2 and 3 in [21]). Reaching
occurs in body-centered coordinates,
and, when visually guided, virtually any
body-centered coordinate has to be
coregistered with virtually any visual
coordinate, depending on gaze direc-
tion. The present evidence suggeststhat the clusters in IPS1/2 and precuneus hold the egocentric
(most likely body-centered) spatial representation, whose
impairment leads to optic ataxia. Their distributed overlay
with visual maps may facilitate flexible remapping between
body-centered and visual coordinate systems depending on
gaze position. PIVC and VPS are thought to play a crucial
role in this, because they integrate head-position information
with vestibular and visual space [23–25].
Relation to Attention
There are two key differences between the present results in
comparison to visual neural representations. The first is the
lack of a contralateral response bias in most measured
Figure 3. Decoding of Unseen Egocentric Space
in Inferior Parietal Cortex and Searchlight Anal-
ysis
(A) Decoding performance for all directions in IPC
(p < 0.001, Bonferroni corrected, n = 12 partici-
pants, chance level = 50%).
(B) Right IPC contained twice as many discrimi-
native voxels than the left in individual partici-
pants (p < 0.001, one sample t test, df = 11). Error
bars represent the SE. See Figure S2 for maps of
individual direction pairs and for lack of univar-
iate effects.
(C–E) Group consistency maps of the most
discriminative voxels in IPC, for left (C), right
(D), and symmetric (E) direction pairs (same
conventions as in Figure 2). Note the consistency
of the clusters and their tight overlap with
a typical lesion site associated to spatial neglect
in the temporoparietal junction [5, 6].
(F) Searchlight classification results. Congruent
with our ROI based analysis, best coding voxels
fell into areas IPS1 and IPS2, extending medially
into precuneus. In IPC, best decoding voxels
clustered at the TPJ, with significantly more vox-
els in right hemispheres (t [11] = 1.83, p < 0.05).
(G) Beyond parietal cortex, the searchlight re-
vealed encoding clusters in precuneus (Prec),
the posterior sylvian (PS) region, in frontal eye
fields (FEF) and inferior frontal cortex (iF). See
Figure S2 for related analyses. Grey shaded
areas indicate brain regions not scanned in the
present study.
See also Figure S2 and Table S1.
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BOLD signal modulation, and, for IPC, in decoding accuracy.
The second key difference is that egocentric information
was encoded in voxel patterns rather than in mean activation
differences. This is compatible with monkey studies showing
that a neural population code represents target reach points
in an egocentric reference system [26].
Both differences suggest an entirely different, or indepen-
dent, encoding of egocentric unseen directions compared to
visible directions, which may allow for a flexible combination
of the two. The same evidence also speaks against potential
confounds by visual spatial attention, which typically leads
to spatial maps and lateralized net BOLD signal changes in
IPS [1, 22, 27] (but see also [28]).Relation to Neglect and Clinical
Studies
One of the most interesting results of
this study with clinical relevance is the
prominent involvement of IPC outside
visually responsive IPS. Here, the RFE
identified a cluster in the temporoparie-
tal junction that overlapped tightly with
a typical lesion site associated to spatial
neglect [5, 6]. In particular, the results
conform with the view that neglect is
a disorder related to egocentric space
representation and provide direct
support for the parietal window hypoth-
esis that suggests an egocentric repre-
sentation of space surrounding the
observer in the posterior parietal cortex
[13]. While it is still unresolved whyneglect symptoms occur more frequently with right-lateralized
lesions [29], and why recovery from neglect is more prominent
after left than right-sided lesions [30], the 2-fold higher voxel
count of informative voxels in right hemispheres provides
a possible account for this.
An aspect not answered by our data is why lesions typically
lead to contralateral neglect, while decoding was equal for all
directions in IPC with only a small contralateral bias in IPS.
One possibility for this may lie in intercallosal information
transfer across hemispheres, in combination with the high
sensitivity of classifiers. For example, prior studies found
that visual and also attention-related signals can be extracted
from the ipsilateral, unattended, and unstimulated hemi-
sphere [31].
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Apart from parietal cortex, our searchlight analysis also identi-
fied clusters in frontal regions. This is compatible with a prior
functional study showing that FEFs differentiated between
unseen left and right locations cued by sound [17]. That study
did not dissociate egocentric versus allocentric reference
frames, perhaps explaining why it found a contralateral net
signal bias (not found here for any region, either in uni- ormulti-
variate analyses). Together with the remaining regions of
posterior sylvian and inferior frontal cortex, the regions identi-
fied here are consistently involved in studies examining spatial
cognition in viewer-centered as opposed to object- or land-
mark-centered reference frames [18, 19] and coincide with
lesions associated to neglect [5, 6].
Conclusion
Our study differs profoundly from retinotopic or ‘‘attentotopic’’
mapping studies in that we examined egocentric space in the
egofugal, rather than the frontoparallel, plane, in directions
entirely surrounding the participant, and without allocentric
confounds. In accordwith clinical studies, we found prominent
evidence for egocentric space encoding in parietal and
prefrontal cortex. In contrast to visual space, egocentric space
was represented in a distributed neural code, with no contra-
lateral net signal modulation, and therefore independent of
visual information. Our findings suggest a fundamentally
distinct egocentric coding scheme compared to that of visual
space and represent functional insights into of one of the most
studied clinical phenomena in healthy participants.
Experimental Procedures
Participants
Twelve human volunteers (eight male, four female, two left-handed, age 22–
30 years, one author) took part in this study. All gave written consent prior to
participation, and the study was approved by the ethics committee of the
University Clinic Tu¨bingen.
Retinotopic Mapping
Visually responsive areas IPS0–IPS4 were identified with an attention-
boosted retinotopy paradigm as described before [4] (see the Supplemental
Experimental Procedures).
Virtual Room and Participant Training
The virtual octagonal room had a radius of 8 m and a height of 3 m with
distinct objects in each corner (see Figure 1). During several days prior
to scanning, each participant underwent intensive interactive training, first
in a physical mockup, and then with virtual reality on a monitor, to achieve
a high degree of familiarity with the spatial arrangement of the octagonal
room. Importantly, the training prompted egocentric imagery (e.g., by
interactive arm pointing in mock and virtual reality setups) as strategy to
learn egocentric directions of distinct objects in the room. This was
confirmed in explicit debriefing following scanning, where each participant
reported that they solved the task by vivid imagination of the target-
objects’ location relative to their own position. This is important as it allows
us to confidently exclude alternative, purely cognitive or more abstract
mental strategies (see the Supplemental Experimental Procedures for
detailed description).
Experimental Paradigm during Scanning
Participants faced a given corner of the virtual room, fixating a cross
(0.3 deg). The virtual viewing angle was chosen such that only one object
was visible and that participants had the impression of standing in the
middle of the virtual octagon (see Figure 1). Each trial started by a brief
(300 ms) presentation of one of eight small object icons (1.2 deg). During
the following 6 s, the participant then imagined the egocentric direction of
the target object in relation to their position. Trials were presented in a pseu-
dorandomized sequence such that each egocentric direction was equally
often preceded by all directions.So that participants’ vigilance during scanning could be ensured, a vigi-
lance task was presented after each imagination period. Participants were
shown a verbal or symbolic cue of one of four possible hemispheres (front,
rear, left, right; duration, 500 ms) and indicated whether the imagined direc-
tion fell into the cued hemisphere by pressing one of two buttons (300 ms
response period). The color of the fixation cross then changed briefly to
green or red to indicate correct or incorrect responses (see the detailed
description in the Supplemental Experimental Procedures).
After 16 trials, the participant’s view was rotated clockwise such that they
faced the neighboring corner, followed by a pause of 2.25 s to facilitate re-
orientation to the new viewing direction. One run comprised 128 trials (i.e.,
16 trials 3 8 faced corners) during which all corners were faced once, with
a balanced frequency of imagined egocentric directions for each faced
corner.
MRI Acquisition
Four runs were recorded for each participant. Each run was preceded by
four dummy scans and by three initial dummy trials to achieve the same
brain state for all subsequent trials, resulting in 417 volumes per run.
Data were acquired on a 3T Siemens Tim Trio scanner with a gradient
echo planar imaging sequencewith a voxel size of 23 23 2mmand 26 hori-
zontal slices covering the entire parietal cortex. TR was 2.25 s, TE = 39 ms,
and Flip angle = 78. For the retinotopy paradigm, we employed the same
sequence with 36 slices and a TR of 3.12 s.
Data Preprocessing
With SPM5 (http://www.fil.ion.ucl.ac.uk/spm/), functional images were cor-
rected for slice acquisition time, realigned, and unwarped to correct for
head motion. Images were then scaled globally and high-pass filtered
(cutoff, 128 s) before entering a general linear model (GLM) that contained
additional regressors for realignment parameters and the mean value of
each volume.
Univariate Analysis
A GLM was applied with one regressor for each egocentric direction.
Multivariate Pattern Analysis
One regressor for each trial was entered for the GLM. Each runwas analyzed
separately. The resultingbetaestimateswereanalyzedwithcustomsoftware
based on the MATLAB version of the Princeton MVPA (multivariate pattern
analysis) toolbox (http://code.google.com/p/princeton-mvpa-toolbox/).
Regressor beta values from each run were z score normalized, and outliers
exceeding a value of two standard deviations were reset. MVPA was per-
formed with a leave-one-run-out cross-validation procedure. Mean cross-
validation performance was tested against chance across participants. As
classifier, we used a linear support vector machine from LIBSVM (http://
www.csie.ntu.edu.tw/wcjlin/libsvm/). See the Supplemental Experimental
Procedures for further details of RFE and Searchlight analyses.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, two figures, and one table and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2012.11.060.
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